We propose and experimentally demonstrate a reconfigurable ultrawideband (UWB) pulse generation scheme by using a dual-drive Mach-Zehnder modulator (DDMZM). In the proposed method, two phase modulators of the DDMZM are respectively driven by properly designed electrical signals. By carefully setting the parameters of the two electrical signals and the bias voltage of the DDMZM, different UWB pulses can be achieved at the interference output of the DDMZM. A proof-of-concept experiment verifies the feasibility of the proposed method. Photonic generations of UWB monocycle, doublet, triplet, and quintuple pulses have been successfully demonstrated, with central frequencies of 4.69, 4.69, 5.47, and 6.25 GHz and fractional bandwidths of 150%, 133%, 186%, and 75%, respectively.
Introduction
Ultra-wideband (UWB) impulse signal provides a promising solution for future wireless communications due to its low power consumption and high bit-rate [1] - [3] . To overcome its limitation of short transmission distance, UWB-over-fiber (UWBoF) technology has been proposed for generations and transmissions of UWB impulse signals in optical domain [4] - [6] . Many approaches to photonic generations of UWB pulses were proposed in recent years [7] - [19] . UWB signal generations based on phase modulation to intensity modulation (PM-IM) conversion have been extensively studied, where the phase-modulated signals were converted to UWB pulse signals by using optical frequency discriminator or other methods [7] - [12] . Moreover, nonlinear effects in semiconductor optical amplifiers (SOAs) [13] - [15] and delayed interference of phasemodulated signals [16] - [19] have been demonstrated to achieve UWB pulse signals. Nevertheless, most of the previous methods can only generate a fixed UWB pulse shape, which may limit potential applications.
Flexible UWB pulse generators have been proposed in optical field, which can obtain different UWB pulse shapes by adjusting the parameters of the electrical signals and the modulators. In Ref. [20] , by adjusting the bias voltage of the dual-parallel Mach-Zehnder modulator (DPMZM), the amplitude-modulated pulses from the two sub-MZMs are constructively or destructively combined to obtain different UWB impulse shapes at the output of the DPMZM. Three different polarity-switchable UWB pulse shapes have been achieved by utilizing a chirped intensity modulator and an asymmetric Mach-Zehnder interferometer (AMZI) [21] . P. Li et al. reported a reconfigurable UWB impulse generator which consists of two optical carriers, two phase modulators, and a frequency discriminator [22] . Moreover, microwave photonics filter [23] , [24] and nonlinear effect [25] have been proposed to generate high-order UWB pulses. However, these schemes for UWB impulse generations need a number of optical devices.
Millimeter-wave UWB pulse [26] and three-dimensional (3-D) UWB monocycle pulse [27] have been demonstrated by using dual-drive MZMs (DDMZMs). In this paper, we propose and experimentally demonstrate a cost-effective scheme to generate different UWB pulse shapes by employing one single DDMZM. An integrated DDMZM consists of two phase modulators (PMs) which can be independently modulated. In our proposed method, the two PMs are respectively driven by different low repetition rate signals, and two different phase-modulated signals can be generated on the two optical paths of the DDMZM. By properly setting the signal amplitudes, the time delay between the two signals and the bias voltage of the DDMZM, four different UWB pulse shapes can be obtained through interference between the two phase-modulated signals at the output of the DDMZM. Theoretical analysis and a proof-of-concept experiment verify the feasibility of the proposed method. UWB monocycle, doublet, triplet, and quintuple pulses with central frequencies of 4.69, 4.69, 5.47, and 6.25 GHz, and respective fractional bandwidths of 150%, 133%, 186%, and 75% are experimentally demonstrated. Fig. 1 illustrates the basic structure of reconfigurable UWB pulse generation using a single DDMZM. The two PMs of the DDMZM are driven by different electrical signals. Meanwhile, a direct current (DC) bias voltage is used to adjust the relative phase shift between the two optical paths. The two PMs are driven by V 1 ðt Þ and V 2 ðt Þ which are A 1 Sðt Þ and A 2 Sðt À Þ, respectively. Here, Sðt Þ is the normalized Gaussian pulse signal, is the relative time delay between the two signals, A 1 and A 2 are the amplitudes of the two electrical signals. With an input optical field of E in , the output signal is expressed as
Operation Principle
where V and V dc are the half-wave voltage and the bias voltage of the DDMZM, respectively. After photodetection, the alternating current (AC) term of the output signal can be written as Fig. 1 . Basic structure of reconfigurable UWB pulse generation using a single DDMZM.
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By carefully adjusting the signal amplitudes, the time delay between the two electrical signals and the bias voltage of the DDMZM, different UWB pulse shapes can be obtained at the interference output of the DDMZM. The proposed method can be used to realize pulse-shape modulation and flexible UWB pulse generation. Fig. 2 shows the schematic diagram for the generation of different UWB impulses. In the theoretical calculation, UWB monocycle pulse is achieved when A 1 ¼ A 2 ¼ 0:5V , V dc ¼ 0:5V , and ¼ T 0 , with T 0 denoting the bit period of the electrical pulse signal. The waveforms of the signals at the two RF ports, the output signals from the PMs and the UWB impulse are depicted in Fig. 2(a) . By adjusting the signal amplitudes and the time delay between the two electrical signals, different UWB pulse shapes can be obtained. We set A 1 ¼ 1:5V and A 2 ¼ 0, UWB doublet pulse is realized as presented in Fig. 2(b) . UWB triplet pulse can be achieved if A 1 ¼ 1:5V , A 2 ¼ 0:5V and ¼ 0:5T 0 , as illustrated in Fig. 2(c) . In addition, if A 1 ¼ A 2 ¼ 1:5V and ¼ 0:5T 0 , UWB quintuple pulse can be generated as observed in Fig. 2(d) . It is worth noting that the polarity of the UWB pulse can be switched by adjusting the bias voltage of the DDMZM, as shown by the dash curves of Fig. 2 . 
Experimental Setup and Results
An experiment is performed to verify the feasibility of the switchable UWB pulse generation, and the experimental setup is shown in Fig. 3 . A continuous wave (CW) light from a distributed feedback (DFB) laser at 1550 nm is sent to a DDMZM (Fujitsu FTM7921ER), and a polarization controller (PC) is used to ensure the transverse electric (TE) mode input. The Gaussian-like pulse stream with a fixed pattern of "1000 0000 0000 0000" is generated by a pulse pattern generator (PPG, Anritsu MP1800A) operating at 12.5 Gb/s. Thus the repetition rate and the duty cycle of the electrical signal are 781.25 MHz and 1/16, respectively. Then the electrical signal is divided into two parts by a power splitter. One part of the signal is input to RF port 1 of the DDMZM through an electrical delay line, an RF amplifier, and a bias-T, which are used to adjust the time delay between the two signals, the signal amplitude, and the bias voltage of the DDMZM, respectively. The other part of the electrical signal is amplified by the other RF amplifier and input to RF port 2 of the DDMZM. The generated UWB signals are detected by a 40-GHz photo detector (PD, U 2 T XPDV2140R) and the electrical spectra are measured by an electrical spectrum analyzer (ESA, Rohde & Schwarz FSUP50). Fig. 4 depicts the waveforms and the electrical spectra of the UWB monocycle, doublet, triplet, and quintuple pulses. The electrical signals from the PPG with the same amplitude and certain relative time delay are directly fed to the two RF ports of the DDMZM. Then UWB monocycle pulse can be achieved by properly adjusting the amplitudes of the two electrical signals and the bias voltage of the DDMZM. It is worth noting that the bias drifting problem of the DDMZM can affect the waveforms of the generated UWB pulses, which can be overcome by using feedback control [28] . Fig. 4 (a) and (b) visualize the waveform and the electrical spectrum of the UWB monocycle pulse, where the central frequency is 4.69 GHz and the 10-dB bandwidth is 7.03 GHz (from 781 MHz to 7.81 GHz). Thus the fractional bandwidth is 150% for the UWB monocycle pulse. Other UWB pulse shapes can be realized by using the aforementioned methods. Here, to obtain amplitude of 1.5 V , the RF signal needs to be boosted by an electrical amplifier, resulting in some distortions for pulsed signal with low repetition rate. Fig. 4(c)-(f) illustrate the waveforms and the electrical spectra of UWB doublet and triplet pulses, where the corresponding central frequencies are 4.69 GHz and 5.47 GHz, respectively. Meanwhile, the 10-dB bandwidths of UWB doublet and triplet pulses are 6.25 GHz and 10.2 GHz, indicating fractional bandwidths of 133% and 186%, respectively. Fig. 4(g) and (h) show the waveform and the electrical spectrum of UWB quintuple pulse, where the central frequency and the 10-dB bandwidth of UWB quintuple pulse are 6.25 GHz and 4.69 GHz, respectively. Thus the fractional bandwidth of UWB quintuple pulse is 75%.
Conclusion
A simple switchable photonic UWB pulse generator has been experimentally demonstrated by using a single DDMZM. In our proposed method, UWB monocycle, doublet, triplet, and quintuple pulses are successfully obtained, whose central frequencies are 4.69, 4.69, 5.47, and 6.25 GHz and fractional bandwidths are 150%, 133%, 186%, and 75%, respectively. The UWB pulse shape can be reconfigured by setting the parameters of the corresponding devices. The proposed scheme could be a promising low-cost candidate to generate switchable UWB pulse shapes in optical domain. Fig. 4 . Waveforms and electrical spectra of the generated UWB pulses. (a) Waveform of UWB monocycle pulse, and (b) the corresponding electrical spectrum, (c) waveform of UWB doublet pulse, and (d) the corresponding electrical spectrum, (e) waveform of UWB triplet pulse, and (f) the corresponding electrical spectrum, (g) waveform of UWB quintuple pulse, and (h) the corresponding electrical spectrum.
